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Acyl carrier proteins (ACPs) are promiscuous small proteins that play essential roles in the biosynthesis
of many natural products, but our understanding of how they interact with various enzymes within larger
protein complexes is lacking. In this issue of Chemistry and Biology, Beld and coworkers describe an
enzymatic labeling method that will allow tracking of ACPs as they interact with their partners both in vitro
and vivo.Natural products continue to interest and
inspire scientists from many disciplines.
We owe a great debt to the natural world
for providing a seemingly never-ending
array of both simple and exotic organic
molecules that we have exploited as
medicines for hundreds of years (Cragg
and Newman, 2013). Organic chemists
and biochemists have a particular fasci-
nation with natural product biosynthetic
pathways and use them to inspire syn-
thetic methods as well as to understand
the structure and mechanisms of the
enzymes that catalyze the construction
of such complex scaffolds. The long-
term hope is that, with this knowledge,
we can engineer and/or redesign the
chemistry and the enzymes to generate
new man-made natural products with
desirable properties. Such manipulation
requires a diverse array of tools, and,
in this issue of Chemistry & Biology,
Beld et al. (2014a) describe an elegant
approach to expand the chemical reper-
toire of an essential and interesting family
of proteins.
Many complex natural products are
built on a small protein scaffold known
as an acyl carrier protein (ACP; Crosby
and Crump, 2012). The blueprint of ACP
function came from seminal studies of
fatty acid biosynthesis and the multi-
subunit enzyme complex known as fatty
acid (FA) synthase (FAS) that is found
in microbes, plants, and mammals. FASs
take simple two- and three carbon
building blocks and, through a series of
C-C bond formations, keto-reductions,
dehydrations, and alkene reductions,
construct palmitic acid. Thus, the ACP
must be promiscuous and interact with
many different enzyme active sites. Itdelivers the correct starting materials to
the first enzyme then carries the product
of one active site reaction to the next un-
til the final product is generated. We are
just beginning to understand the mole-
cular details of these interactions, and
Burkart and colleagues have recently
made significant contributions to this
field (Nguyen et al., 2014) by capturing
ACP in action during FA dehydration.
However, before ACPs can function
within the FAS complex, a specific post-
translational modification (PTM) must be
carried out on a highly conserved serine
residue on the ACP. This PTM is cata-
lyzed by an ACP synthase (ACPS), which
uses Mg2+ and coenzyme A (CoA) to
install a 40-phosphopantetheine (40-PP)
prosthetic arm onto the serine side
chain. It is upon this extension that the
growing FA is built via a thioester bond.
Once this elegant design had been arrived
at, it was no surprise to discover that the
concept had been used in the biosyn-
thesis of other natural products—polyketi-
des within polyketide synthases (PKSs)
and nonribosmal peptides within non-
ribosmal peptides synthases (NRPSs,
built on an analogous peptidyl-carrier pro-
tein [PCP]).
To study the interaction between any
carrier protein and its partner, one of the
major technical bottlenecks that has to
be overcome is the installation of the
appropriate acyl-thioester. One of the
early important breakthroughs for the field
was the identification of the Escherichia
coli ACPS that catalyzed the conversion
of the unmodified apo-ACP to its holo-
form (+40-PP) using CoA as a substrate
(Lambalot and Walsh, 1995). Walsh and
colleagues purified the enzyme from aChemistry & Biology 21, October 23, 2014500 g block of E. coli cells and employed
the clever use of an apo-ACP affinity col-
umn, reasoning that the apo-ACP:ACPS
affinity would be extremely high. Indeed,
it was so strong that the ACPS had to
be denatured to elute it from the affinity
column. Nevertheless, the re-natured
enzyme was fully active, and N-terminal/
peptide sequencing allowed the identifi-
cation of the E.coli dpj gene that encoded
the ACPS. The E. coli ACPS is a homo-
dimer with a native molecular weight of
28,000 (23 125 amino acid [aa] subunits),
and overexpression of the dpj gene
allowed the isolation of active recombi-
nant ACPS. A search of the GenBank
data bases in 1995 revealed no known
genes that shared significant sequence
homology with dpj. However, after this
initial breakthrough, other enzymes that
catalyzed the apo- to holo-ACP conver-
sion were identified. Walsh led a team of
experts to report on the identification of
a new enzyme superfamily—the phos-
phopantetheinyl transferases (PPTases)
(Lambalot et al., 1996; Beld et al.,
2014b). They refined their initial bio-
informatic searches and identified a num-
ber of potential hits, including the E. coli
EntD (209 aa) and B. subtilis Sfp (224 aa)
proteins. Recombinant versions of these
enzymes were active in their apo-ACP
to holo-ACP conversion assays. They car-
ried out an extensive survey of whether
these newly identified PPTases could
act upon the ACPs from FASs and PKSs
as well as the PCPs from NRPSs.
Although it was reasoned that every car-
rier protein would have its own dedicated
PPTase, they sought to find one with
inherent promiscuity such that it could
be used in the conversion of any carrierª2014 Elsevier Ltd All rights reserved 1257
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Figure 1. The Overall Concept of Using a
Recombinant AasS to Load an ACP with
Nonnatural FAs both In Vitro and In Vivo
within E.coli
We show the 3D structure of the E. coli ACP with
its four alpha helices, and the methods devel-
oped by Beld et al. (2014a) allows the attach-
ment of different chemical groups (azide, alkyne,
and halogenated) as acyl-ACPs. This provides an
interface with downstream bioorthogonal tech-
niques that generates a range of ACPs with
multifunctional applications. Source for Swiss
army knife clip: https://openclipart.org/detail/
6551/swiss-army-knife-by-uliphant-6551.
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or intractable. The Bacillus subtilis Sfp
displayed good properties and tolerated
many carrier protein substrates and,
since then, has been a trusted workhorse
in many labs where this conversion is
required.
The ACPS/PPTase family of enzymes
has displayed great synthetic utility, but
a major problem is that, once the 40-PP
thiol is installed, the appropriate acyl
group has to be attached. An ideal situa-
tion would be to use an ACPS/PPTase
that would accept an acyl-CoA thioester
(or ideally, a synthetic homolog) and
transfer the acylated 40-PP in one step.
Unfortunately, most known enzymes do
not display such substrate versatility
and are unable to deliver acylated-
ACPs at high yield. However, one family
of enzymes that appears to satisfy that
demand is the acyl-acyl carrier protein
synthetases (AasSs). These ATP-depen-
dent members of the adenylate-forming
enzyme family have been divided into
three classes; examples include NRPS
adenylation domains and acyl- or aryl-
CoA synthetases (type I), aminoacyl-
tRNA synthetases (type II), and NRPS-
independent siderophore syntherases
(type III). The AasS enzymes use holo-
ACPs as substrates, rather than free
CoA, and generate acyl-ACPs. Ray and1258 Chemistry & Biology 21, October 23, 20Cronan discovered the first AasS in
E. coli (Ray and Cronan, 1976) and
showed that, although it could install
acyl chains up to C18 onto holo-ACP, it
did not have ideal characteristics to
allow it to be used as a versatile syn-
thetic tool. In contrast, the AasS from
Vibrio harveyi (VhAasS) and homologs
from other species displayed much bet-
ter behavior with some scope to accept
various acyl chains (Byers and Holmes,
1990). However their full synthetic versa-
tility had not been explored until the
study reported in this issue of Chemistry
& Biology by Beld et al. (2014a). There
are, in fact, not many ACPS/apo-ACP
complex crystal structures in the litera-
ture, nor are there many AasS/ligand-
bound structures to guide the exploration
of substrate promiscuity. So, Beld et al.
(2014a) first used computational docking
to explore the active site of an AasS
model. This gave them confidence that
the enzyme could accommodate larger
substrates.
Initially, they tested a panel of odd and
even chain carboxylic acids for loading
by VhAasS onto purified E. coli holo-
ACP. Then they tried a panel of acids
with different pKa values, steric bulk or
useful functional groups such as azide,
alkyne, phenyl, and halogen-containing
FAs (Figure 1). The successful installa-
tion of these groups by VhAasS allows
subsequent downstream attachment
of other bioorthogonal labels. Unfortu-
nately, VhAasS failed to efficiently load
large fluorophores, and this can be attrib-
uted to a potential narrow entry tunnel
based on their modeling. It is here that a
crystal structure of VhAasS and other
members of the family would help over-
come this problem. Nevertheless, build-
ing on previous observations, Beld et al.
(2014a) explored the promiscuity of the
AasS with various ACP substrates using
three different FAS ACPs: two PKS
ACPs and one PCP from an NRPS. They
used the versatile tool Sfp to convert
each apo-carrier protein to the holo-form
and probed decanoic acid as a substrate.
The good news was that all the FAS and
PKS ACPs they tested were acylated,
and only the PCP from the NRPS was
not (which was not surprising). With this
success in vitro, they then moved inside
the cell and investigated whether VhAasS
expressed in E.coli could direct the
acylation of an ACP in vivo. It was grati-14 ª2014 Elsevier Ltd All rights reservedfying to observe that 8-bromooctanoic
acid was not only incorporated onto the
ACP, but it was also elongated by the
FAS machinery to 12-bromododecanoic
acid and further processed into E. coli
lipids.
Finally, because it would be advanta-
geous to expand the AasS enzymes in
the toolbox beyond the Vibrio enzyme,
they explored the AasS family by a
combined bioinformatics/structural ho-
mology approach. This difficult task
allowed them to subdivide the bona fide
AasSs from other adenylate-forming
enzymes. They expressed and purified
four enzymes, including the previously
characterized TTHA0604 from Thermus
thermophilus HB8, and used a number
of assays to test their activities with CoA
and ACPs. The results from these studies
suggest that each substrate/enzyme part-
ner will require careful optimization, but
they lay the foundation to identify more
enzymes with desirable synthetic utility.
Clearly, structural and mechanistic
studies have a role to play here, and,
once we understand what controls the
specificity of the interaction between a
carrier and its cognate partner, we should
be able to apply the methods of random
screening and directed evolution to
generate even more powerful and versa-
tile labeling tools. A new ‘‘chain-flipping’’
model has been proposed to explain
how the growing acyl chain moves from
inside the hydrophobic core of an ACP
to engagewith an alternative hydrophobic
environment of each enzyme subunit
within the FAS (Cronan, 2014). To study
this model, and to test whether it extends
to the PKS and NRPS complexes, re-
quires a range of robust and versatile
tools, and Beld et al.’s study is a valuable
addition for the field to apply.ACKNOWLEDGMENTS
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Although protein dynamics are accepted as being essential for enzyme function, their effects are not fully
understood. In this issue ofChemistry and Biology, Gobeil and coworkers describe how engineered changes
in the millisecondmotions of a mutant TEM-1 b-lactamase do not significantly affect substrate turnover. This
mutational robustness has implications for protein engineering and design strategies.Proteindynamics, excludingprotein trans-
lation and trafficking dynamics, generally
refers to conformational changes in pro-
tein structure that occur over a broad
range of timescales. Although the process
of protein folding, essential for the function
of a large proportion of all proteins, drasti-
cally minimizes the conformational
freedom and dynamics of a polypeptide
relative to the unfolded state, it has long
been appreciated that some conforma-
tional change must be involved in protein
function. The predominance of protein
crystallography in structural biology over
the last 50 years yielded a vast amount of
structural data, yet crystal structures
have traditionally been reported as a
single ground state structure. In recent
years there has beena natural progression
to the study of protein dynamics; as our
ability to solve protein structures and
simulate their dynamics in silico has
developed, more time has been invested
in studying their movement, particularly
through new nuclear magnetic resonance
(NMR)-based methods (Mittermaier and
Kay, 2006). The field has seen a number
of landmark papers in recent years (for a
recent review, see Ma and Nussinov,
2010), and there is a level of appreciation
for the role of dynamics in protein functionand evolution (Tokuriki and Tawfik, 2009).
Accordingly, there is increasing interest
in incorporating dynamic effects into pro-
tein engineering and design experiments.
Like any rapidly developing field, there
are areas of consensus and conten-
tion. If enzymes are considered, several
impressive works have demonstrated the
importance of dynamics in the catalytic
cycles of enzymes (Boehr et al., 2006)
and their evolutionary conservation
among members of some protein families
(Gagne´ et al., 2012), implying that protein
dynamics are under evolutionary selection
and affect the fitness of proteins. The
steady-state turnover number (kcat), which
is the most commonly measured kinetic
rate, is only the rate-limiting step of a num-
ber of microscopic rate constants that,
together, comprise the full catalytic cycle.
While the role of dynamics in allowing
proteins to transit between different con-
formations suited for various steps in the
cycle is widely acknowledged, there are
different views regarding the role of
dynamics in catalysis: the increase in the
rate of ‘‘chemical steps’’ in a catalytic
cycle (Kamerlin and Warshel, 2010; Klin-
man and Kohen, 2014).
In this issue of Chemistry and Biology,
Gobeil et al. (2014) have investigatedmillisecond protein motions in two related
extant b-lactamases and an engineered
chimericproteinproduced through recom-
bination. This work makes a significant
contribution to the discussion of the role
ofmilliseconddynamics in protein function
by providing an in-depth analysis of the ef-
fects of engineering on both dynamics and
catalytic activity. Interestingly, although
the chimera exhibits almost identical sub-
strate turnover rates to thewild-type b-lac-
tamases with a range of substrates, the
millisecond dynamics of the chimera are
substantially different from those of the
extant enzymes; i.e., in this case, there
seems to be little correlation between sub-
strate turnover and millisecond dynamics.
This work complements and contrasts
other NMR studies that showed close
correlation between millisecond motions
and turnover rates (Eisenmesser et al.,
2005) as well as engineering studies that
showed turnover rates for enzymes are
highly sensitive to changes in dynamics
when conformational change is rate
limiting (Jackson et al., 2009). Specifically,
this study shows that the effects of
changes in dynamics on substrate turn-
over are particular to the enzyme. It is
important to consider that, in the case of
the TEM-1 b-lactamase, a chemical stepª2014 Elsevier Ltd All rights reserved 1259
